Abstract. Controlling of a flapping flight is one of the recent research topics related to the field of Flapping Wing Micro Air Vehicle (FW MAV). In this work, an adaptive control system for a four-wing FW MAV is proposed, inspired by its advanced features like quick flight, vertical take-off and landing, hovering, and fast turn, and enhanced manoeuvrability. Sliding Mode Control (SMC) theory has been used to develop the adaptation laws for the proposed adaptive fuzzy controller. The SMC theory confirms the closed-loop stability of the controller. The controller is utilized to control the altitude of the FW MAV, that can adapt to environmental disturbances by tuning the antecedent and consequent parameters of the fuzzy system.
Introduction
In recent times, the demand for autonomous and unmanned air vehicles has raised notably. Among them, significant effort is invested in controlling MAVs. Among various MAVs, the FW MAVs are able to facilitate huge range of vital manoeuvres like vertical take-off and landing, gliding, roll banking, backward and sideways flying, which make them challenging to control. Such challenges attract researchers to develop an appropriate control system. In this manner, in [7] a sliding mode control theory based adaptive controller was proposed to stabilize the longitudinal dynamics of Dragonfly-liked MAV. However, they have utilized a fixed wing MAV. A conventional PID and fractional order PID controller was developed in [2] to control a numerical model of a dragonfly robot. Though their fractional order PID controller performs better than the conventional PID, they cannot handle uncertainties. In [4] , a Linear Quadratic Regulator (LQR) technique based controller was developed for Dragonfly-liked (DL) FW MAV flight. They have linearised their DLFW MAV model to fit with the LQR flight controller. Besides, an iterative learning based tuner was employed to tune the input weighting matrix of their LQR to deal with un-modelled parameters. To summarize, up to this point most of the strategies to control the FW MAV depend upon first principle techniques, where they need an exact numerical model to control. Nonetheless, the FW MAVs are profoundly nonlinear and over-actuated systems. They are associated with various uncertainties. An exact numerical model of FW MAVs considering these features is challenging to achieve. A smart solution to these limitations is the utilization of a model free adaptive controller.
In recent times fuzzy logic and neural networks are employed to model and control various MAVs [5, 6] . In [1] , a Spiking Neural Network (SNN) is employed to control a FW MAV called RoboBee. The memory and immune system based controller namely Neural Immunology Network was proposed in [10] . Their control method can deal with disturbances since it was model-free. A direct adaptive (DA) and hybrid adaptive fuzzy controller (HAFC) was developed numerically in [3] to control a DIFW MAV model. Better trajectory tracking performance is observed from the HAFC than the DAFC. Due to the successful implementation and evaluation of various neuro and fuzzy technique in FW MAV, in this work SMC theory based adaptive fuzzy controller is developed to control the altitude of the FW MAV.
Flapping Wing Micro-Air Vehicle Flight Model
The FW MAV plant used in our work is a simulated bio-inspired insect robot with four wings. The development process of the FW MAV flight simulator is explained in [8] . In the flight simulator, it is considered that the wing is flapping in an inclined stroke plane. The wing kinematics is obtained from the derivation described in [9] . The flapping angle (φ) in the flapping profile of the FW MAV can be expressed as follows:
where φ f p is the flapping amplitude in radian, f is the flapping frequency in Hz, t is the time is second. The angle of attack (α) can be presented as:
where α aa is mean angle of attack in radian, α 0 is amplitude of pitching oscillation in radian, dt is time step in seconds, and ψ is the phase difference between the pitching and plunging motion. All the four wings of the FW MAV follows the same flapping profile. The high level architecture of the FW MAV flight simulator is exposed in Fig.  1 .
In the simulator, each wing is controlled by an actuator. Each actuator is controlled by seven flapping parameters namely 1) stroke plane angle (in rad), 2) flapping frequency (in Hz), 3) flapping amplitude (in rad), 4) mean angle of attack (in rad), 5) amplitude of pitching oscillation (in rad), 6) phase difference between the pitching and plunging motion, 7) time step (in sec). After a complete parametric analysis, it is found that among seven parameters the flapping amplitude is the dominant one to control the FW MAV, which has been used in this work to control the altitude. A T-S fuzzy structure has been utilized to develop the adaptive fuzzy controller in this work. The Fuzzy C Means (FCM) clustering technique is utilized to adapt the premise parameters such as centres and widths of the membership function of the controller, whereas the SMC theory based learning algorithm has been utilized to adapt the consequent part of T-S fuzzy system of the adaptive controller. The closed-loop diagram of the controller has been exposed in Fig. 2 .
The difference between the reference signal and plants output i.e. the error (e(t)) is one of the inputs to the controller, and the rate of change of that error (de(t)/dt) is another input to the controller. These crisp inputs are being fuzzified in the fuzzification layer, where five Gaussian membership functions are utilized. To get the desired signal from the FW MAV model, the fuzzy controller alters the Gaussian membership function's width and centres by utilizing the FCM clustering technique, where the error signal e(t) is utilized as a cost function for the FCM clustering. After this, the 'AND' operation i.e. the product of all membership functions are obtained. SMC theory based adaptation laws are used to tune consequent parameters. Finally, the output of the adaptive fuzzy controller is calculated in the output layer as follows:
where i = 1, 2, ..., N; N is the number of rules, z i = a 0 j + a 1i x 1 + a 2i x 2 + ... + a ni x n is expressing the consequent part of the i − th rule, where a 0 , a 1 , a 2 , ..., a n are consequent parameters of that rule. These consequent parameters are adapted using SMC theory based adaptation laws. The output of the SMC part (y smc ) can be expressed as:
where k p is the proportional gain, k d is the differential gain of the PD controller, s l is considered as a sliding surface. In Equation (3), w i is the rule firing strength of the i −th rule and can be expressed as:
where j = 1, 2, ..., n; n is the number of inputs, µ i A j is the membership function of the i − th rule and j − th input. In this work, Gaussian membership function is employed and can be expressed as:
where v i j is the center and σ i j is the width of the Gaussian membership function for the i − th rule and j − th input. In this work, the inputs are x 1 = e and x 2 =ė. The controller's output signal goes to the identified FW MAV model. Then the model's output is integrated to get the vertical altitude from velocity, and compared with the reference position. The controller tunes its parameters until the model output follows the reference signal, and consequently, the error signal (e(t)) becomes zero. For the stability analysis of the adaptive fuzzy controller similar technique like [5] is followed.
Results and Discussion
The adaptive SMC-Fuzzy controller's performance is evaluated with respect to various reference signals and the performance is compared with a PID controller. The considered trajectories for tracking altitude are as follows: 1) constant height of 10 m; 2) sinusoidal wave function with an amplitude of 1 m and frequency of 1 Hz; 3) two different step functions. In case of a trajectory of constant height, it is observed that the proposed controller performs better than the PID controller. Besides, comparatively 
are used as reference signal to check the proposed controller's performance. Here u(t) is a unit step function. Satisfactory and better performance than the PID controller is recorded in all cases as shown in Fig. 3 . Besides, the root mean square error (RMSE) for PID and the proposed adaptive SMC-Fuzzy controller in all cases are tabulated in Table 1 , where RMSEs of the fuzzy controller are less than the PID controller.
Conclusion
In this work, SMC theory based adaptive fuzzy controller is developed and employed to control a FW MAV's altitude. In the developed controller, the FCM clustering is used to tune the antecedent parameters, whereas the SMC theory is utilized to adapt the consequent parameters. To evaluate the controller's performance, it is contrasted with a PID controller with respect to constant height, sinusoidal wave, and two different step functions. In all cases, our developed adaptive fuzzy controller outperforms the PID controller. The proposed SMC-Fuzzy controller is following the above-mentioned desired trajectories with an RMSE of only 0.6460, 0.0733, 0.6266 and 0.4000. In future, the proposed controller will be implemented in the real flight test of the FW MAV.
